Atomic force microscopy (AFM) based nanomechanics experiments involving polytypic todorokite-like manganese dioxide nanobelts reveal varied nanomechanical performance regimes such as brittle fracture, near-brittle fracture, and plastic recovery within the same material system. These nanobelts are synthesized through a layer-to-tunnel material transformation pathway and contain one-dimensional tunnels, which run along their longitudinal axis and are enveloped by m Â 3 MnO 6 octahedral units along their walls. Depending on the extent of material transformation towards a tunneled microstructure, the nanobelts exhibit stacking disorders or polytypism where the value for m ranges from 3 to up to $20 within different cross-sectional regions of the same nanobelt. The observation of multiple nanomechanical performance regimes within a single material system is attributed to a combination of two factors: (a) the extent of stacking disorder or polytypism within the nanobelts, and (b) the loading (or strain) rate of the AFM nanomechanics experiment. Controllable engineering of recoverable plasticity is a particularly beneficial attribute for advancing the mechanical stability of these ceramic materials, which hold promise for insertion in multiple next-generation technological applications that range from electrical energy storage solutions to catalysis.
Introduction
Tunnel-structured, one-dimensional manganese oxides have been advanced as potential solutions to meet the nextgeneration material needs in applications such as rechargeable battery cathodes, 1 catalysts, 2 molecular sieves, 3 supercapacitors, 4 and water desalination. 5 In the case of rechargeable battery cathodes, different polymorphs of this material system present microporous tunnels with tunable size and geometry, which facilitate the reversible insertion and extraction of charge carrying ions such as Li + or Na + during electrochemical cycling. [6] [7] [8] Apart from favorable charge-storage performance, materials sourced from manganese are also anticipated to offer other advantages in terms of cost, safety, and abundance in availability. From a battery material perspective, measuring and optimizing the mechanical properties of these tunnel manganese oxides is critical towards engineering them with an ability to withstand ionic-intercalation induced volume, microstructural, and/or phase changes without electrode fracture, disintegration, and dissolution into the electrolyte.
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In their bulk form and at room temperature, ceramic materials exhibit brittle behavior.
12 This is because dislocation slip activity within ceramic crystals is suppressed by their strong inter-atomic bonds and hence, stress release occurs primarily through crack propagation mechanisms. Past reports on the mechanics of ceramic nanomaterials such as nanowires synthesized from zinc oxide (ZnO), 13 gallium arsenide (GaAs), 14, 15 and silicon carbide (SiC) 16, 17 have, on the other hand, shown both brittle and ductile behavior. The reports evidencing ductility have pointed to high surface-to-volume ratios and the resultant large open surfaces in nanostructured materials, which can abundantly nucleate dislocations. 14, 16, 17 Furthermore, the reduced defect density within nanoscopic crystals enables them to withstand higher stresses, which may rise above the critical resolved shear stress, and thereby make the surface nucleated dislocations glissile. As a result, SiC nanowires have been shown to exhibit dislocation-mediated plasticity accompanied by a crystalline-to-amorphous phase transition. For instance, ref. 16 reports on a four-step sequence involving dislocation activity, amorphization, superplastic amorphous ow, and plastic fracture, which results in localized superplastic elongation of above 200% during the tensile stretching of 3C-SiC nanowires (NWs). In addition, dislocation mediated plasticity and its subsequent recovery upon release of the mechanical load has been found to occur in GaAs NWs. 14 There has been no comparable evidence of ductility within one-dimensional manganese oxides, even though engineering these crystals with ductility and/or recoverable plasticity properties will be particularly benecial for their cycling performance in rechargeable battery applications. In this paper, we present results from atomic force microscopy based three-point bending tests that indicate recoverable plasticity in onedimensional, todorokite-like nanobelts (T-NBs). 6, 18 These T-NB cross-sections exhibit stacking disorder-induced polytypism within a microstructural matrix of magnesium-stabilized, onedimensional channels or grains. The lateral dimensions of these grains vary in terms of the number of MnO 6 octahedral units encompassing their walls. Specically, these heterogeneously-sized grains contain m Â 3 MnO 6 octahedral units along their walls, where m $ 3 and the largest value for m within a given nanobelt cross-section depends on its width. This NB width is, in turn, controlled by the extent to which the layerto-tunnel transformation has occurred during the hydrothermal synthesis process.
Our nanomechanics experiments reveal that it is possible to not only initiate/sustain plastic deformation but, also recover it upon release of loading in the case of NBs with larger widths when they are subjected to bending loads at slow rates. On the other hand, NBs with smaller widths or higher loading rates exhibit brittle or near-brittle behavior. While plastic recovery has previously been observed to occur predominantly in metallic, FCC crystals 19, 20 (with the exception of one previous report involving GaAs nanowires 14 ), these results represent the rst demonstration of such behavior in ceramic, manganese oxide nanomaterials. This is particularly important since it points to avenues for alleviating mechanical fracture in tunnel manganese oxide nanowire battery cathodes through a suitable combination of material engineering and strain-rate control strategies.
Material system and nanomechanical testing
Todorokite-like manganese oxide NBs were synthesized from Mg-buserite, a layered manganese oxide (Fig. 1) .
6 Mg-buserite is composed of layers of MnO 6 octahedra and contains hydrated Mg 2+ ions between the layers. The hydration shell of the Mg 2+ results in a double layer of water in the interlayer space and an interlayer spacing of $9.6Å. The layers are oriented in the a-b plane, and this material has a platelet morphology. Under hydrothermal conditions, transformation to todorokite-like nanobelts rst involves the migration of MnO 6 octahedra from the layer to interlayer positions, forming the tunnel walls present in todorokite manganese oxide. This atomic rearrangement happens primarily in the [001] direction to form structural tunnels around the stabilizing hydrated Mg 2+ ions.
Since the interlayer spacing of 9.6Å is maintained in this process, the tunnels are constructed predominantly of 3 octahedra in the [001] direction. The synthesis process for these NBs involves the following procedure, which has previously been reported in ref. 6 6 This study has explicitly shown that the particles are nanobelts and not nanowires as it was believed before, and the width of the nanobelts varies. Prior to material characterization, the product obtained aer hydrothermal treatment was ltered, washed with deionized water, and dried at 100 C in air for 8 hours.
In this paper, we will employ an "m Â n" terminology to indicate the dimensions or geometry of an individual tunnel, where m and n represent the number of octahedra in the [100] and [001] directions, respectively. While the value of n is xed by the interlayer spacing at 3, the value of m or the tunnel width parameter (i.e., the tunnel dimension in the [100] direction) evolves with the hydrothermal synthesis process in terms of both, its size and homogeneity. As the synthesis process proceeds with increasing inter-linking of layers, it is accompanied by the simultaneous splitting of 2D-platelets into progressively smaller width NBs (approaching its terminal 1D geometry and 3 Â 3 tunnel size) over time.
It is important to note that we nd this layer-to-tunnel transformation process to be partway complete and exhibits non-uniformity among the NBs observed in our powder sample. As a result, the tunnel width parameter (m) within a given nanobelt assumes a range of values greater than 3. The maximum value for m decreases with reducing nanobelt width, indicating that the platelet-to-nanobelt transformation mechanism involves progressively growing cross-linking of neighboring layers. Furthermore, the homogeneity of tunnel widths (i.e., the range of values assumed by m) within the cross-section of a given nanobelt is also correlated to its width, and is found to improve with reducing widths or increasing inter-layer cross-linking. This is evident from Fig. 1(b and c) , where the le-most image in each of these panels show a scanning electron micrograph (SEM) of agglomerated T-NBs, which were drawn at different stages of the layer-to-tunnel transformation process. The wider NBs of panel 'b' were in the earlier stages of this transformation as compared to the narrower NBs of panel 'c'. In addition, Fig. 1(b and c) show the cross-sectional scanning transmission electron micrograph (STEM, middle panel) and its respective tunnel-matrix cartoons (right panel) for representative nanobelts drawn from these samples. The STEM image of panel 'b' shows a cross-sectional segment inside a 196 nm wide nanobelt, which is in the earlier stages of its layer-to-tunnel transformation process. In this nanobelt section, n varies over a large range from 3 to 22 and the contiguous tunnels for each value of m form a separate grain with a characteristic unit cell. This small nanobelt cross-sectional region contains 16 such grains, each of which have physical widths varying between 0.96 nm to 5.52 nm. Furthermore, there is also non-uniformity in tunnel widths within some of the individual tunnel columns. On the other hand, representative cross-sectional regions of nanobelts with widths on the order of 50 nm or less ( Fig. 1(c) ), which are in the later stages of their layer-to-tunnel transformation pathway, indicate a much smaller variation in tunnel width parameter m. In the case of cross-sectional regions imaged in these panels, the tunnel width parameter, m, varies between 3 and 8. We also nd that these smaller width nanobelts have larger grain sizes and uniform tunnel widths along any given column. Thus, each nanobelt has multiple grains within its cross-section even though the size, columnar uniformity, and areal density of such individual grains varies with its physical width.
In order to investigate the mechanical properties of multicrystalline T-NBs, individual NBs are integrated into doublyclamped nanobeams by assembling them on top of spatially separated mechanical anchors using dielectrophoresis (DEP) (Fig. 2) . The samples are comprised of silicon chips with an array of such individual nanodevices. Further details on this technique can be found in our past reports, where this approach has been employed to assemble and characterize the physical properties of other one-dimensional nanomaterials. [21] [22] [23] [24] As shown in Fig. 2(a and b) , each device consists of a pair of 150 nm thick gold nanoelectrodes, which are separated by a design gap of either 600 nm or 1 mm in different designs. When the nanobelt is assembled on top of this gold nanoelectrode pair, its distal ends are secured to the underlying electrode using van der Waals forces. Further clamping of the nanobelt from the Results and discussion Fig. 2 (a) shows the SEM image of an assembled nanobelt. Inset to this panel, which was taken from the inter-electrode suspended region of the nanobelt using an image processing algorithm in MATLAB, shows the pixel intensity plot of this micrograph as a function of scan distance along a representative row of pixels (from le-to-right). This algorithm is also used to extract the rising and falling edges of the NB intensity plots, and the width of the NB is then estimated as the average value of the separation between these edges at each row along the NB length within its suspended region. An atomic force micrograph (AFM) of this NB is shown in Fig. 2(b) . The thickness of the NB is estimated from its AFM height plot, which is averaged over the length of the NB that remains on top of its metal contacts and is shown in the inset. For the NB shown in Fig. 2 , the width and thickness are estimated as 56 nm and 42 nm, respectively. The DEP assembled and EBID clamped T-NB is then subjected to AFM-based three-point bending tests, as shown in Fig. 2(c) . 13, [23] [24] [25] [26] This process involves the following steps: (a) positioning of the AFM tip in nanoscopic proximity to but, directly above the NB mid-length using a tapping mode-scan taken prior to the bending test, (b) movement of the sample stage z-piezo to bring the NB sample in contact with AFM tip, thereby inducing out-of-plane deections in both, the tip and the NB, and (c) the recording of the tip deection vs. stage movement (i.e., its z-piezo) plot during this process. If the spring constant of the AFM tip is pre-calibrated (using the Sader's method 13 ), the tip deection vs. z-piezo plot can be converted to the NB force (F NB ) vs. deection (d NB ) plot, as shown in Fig. 2(d) . This data processing procedure has been explained in detail in our past reports and can be found elsewhere. 23, 24 From this plot, it can be observed that the T-NB undergoes fracture. This is also further conrmed with an AFM scan obtained from the device aer the three-point test (panel 'e').
In order to determine if the T-NB exhibits purely brittle fracture or if it experiences mechanical yielding prior to the fracture event, an analytical model, which describes its elastic behavior, is compared with the experimentally observed data. Due to its 1-D geometry, the T-NB experiences a combination of bending and tensile stretching when it is subjected to a transverse load. This results in a non-linear F NB vs. d NB curve (as seen in panel 'd') and can be modeled using the following equation:
where E, I, A, and L represent the Young's modulus (YM), moment of inertia, cross-sectional area, and NB beam length, respectively. In the above equation, f(a) accounts for the nonlinearity introduced by the tensile stretching component of the induced mechanical strain 26 and is given as f
It is important to note that both, A and I depend on the microstructural porosity of the NB. This porosity is, in turn, determined by the distribution of tunnel sizes and the extent of their heterogeneity within the cross-section of any given NB. As discussed previously, the NB samples are comprised of Fig. 3(a) . The moment of inertia of the T-NB is then calculated as the summation of the contributions from each individual 5 Â 3 tunnel within the NB cross-section (using the parallel axis theorem).
Once the T-NB moment of inertia is determined using the method described above, the experimental data is tted to the analytical model presented in eqn (1) [using a MATLAB code] and the YM of the T-NB is extracted. The experimental data and its curve t is shown in Fig. 2(d) , and the YM of this T-NB was calculated as 115.8 GPa. At large deformations prior to fracture, the NB exhibits a very small plastic deformation of up to 4 nm. We dene the critical load (F y ), associated with the yield point, as the load at which the plastic deformation reaches 2 nm (in order to distinctly locate the yield point above the measurement noise). The yield strength of the NB can then be computed as: 23, 24 s
In addition, H NB denotes the NB thickness and M represents the maximum value of the bending moment
From the above equation, the yield strength, or simply the strength, of this T-NB was calculated to be 8.9 GPa. The strength-to-YM ratio of this NB, which is indicative of the defect density in the NB, was computed as 7.65%. Furthermore, the plastic deformation component (4 nm) of this T-NB device is an order of magnitude smaller than its elastic deformation component (94 nm), and the NB exhibits near-brittle behavior. In past reports involving nanomechanics of metallic 19, 27, 28 and ceramic nanomaterials, 14,16,17 mechanisms such as dislocationmediated activity and grain boundary sliding have been identied as the underlying causes for plasticity. In the case of NBs tested in this effort, dislocation-mediated activity causing this ultra-small yielding regime is highly unlikely due to their polytypic nature and very small grain sizes. However, the possibility of mechanisms such as grain-boundary sliding or increased inter-linking of isolated larger width tunnel grains (for example, the 8 Â 3 tunnels of the STEM cross-section in Fig. 1 ) under strain, which will be discussed later, contributing to the ultrasmall yielding regime cannot be ruled out. Furthermore, Fig. 3 (a) An illustration of the unit-cell geometric approximation, which is employed in area and moment of inertia calculations, using a 5 Â 3 tunnel geometry as an example. The black square boxes indicate the regions employed within these calculations and the red dashed rectangle indicates the tunnel dimensions used. (b-f) Dependence of the estimates for T-NB moment of inertia, Young's Modulus, strength, strength-to-YM ratio, and plastic deformation, respectively as a function of the tunnel dimension assumption. In each of these plots, the primary (i.e., left-side) y-axis shows the variation in absolute value of the parameter under consideration. The secondary (i.e., right-side) y-axis represents the variation in normalized value of the parameter under consideration with respect to its value corresponding to the 5 Â 3 tunnel dimension. The data presented here, involves the T-NB shown in Fig. 2(b) .
beyond this small plastic regime, the NB undergoes fracture and thus, behaves predominantly like bulk-scale ceramics.
There are two important assumptions involving tunnel sizes and orientations, which have been used in these analytical models: (a) the NB is assumed to be comprised of tunnels with an average dimension of 5 Â 3, and (b) the mechanical load is assumed to act perpendicular to the width of the tunnels (i.e., perpendicular to the m axis). In order to understand the validity of these assumptions, the sensitivity of extracted geometric/ material properties on the values chosen for tunnel size as well as tunnel orientation (with respect to the mechanical load) within the analytical models has been calculated and shown in Fig. 3(b-f) . Fig. 3(b) shows that the calculated value for NB moment of inertia can vary over a range of +11.5% (for a 3 Â 3 tunnel assumption) to À8.0% (for a 3 Â 8 tunnel assumption) as compared to the values calculated for the nominal 5 Â 3 tunnel-size assumption used in our analytical models. For a NB with given cross-sectional dimensions, this observation of progressively decreasing moment of inertia values with an increase in its constituent tunnel size is explained by the larger cross-sectional porosity in large-sized tunnels. Similarly, as shown in Fig. 3(c and d) , the extracted values of the YM vary from À10.6% (for a 3 Â 3 tunnel assumption) to +8.7% (for a 3 Â 8 tunnel assumption) and those of the calculated strength vary from À10.5% (for a 3 Â 3 tunnel assumption) to +8.7% (for a 3 Â 8 tunnel assumption), as compared to the nominal 5 Â 3 tunnel-size assumption. On the other hand, the strength-to-YM ratio remains within 0.2% and the plastic deformation remains unchanged for the tunnel dimensions shown in Fig. 3(e and f) , as compared to the nominal 5 Â 3 tunnel-size. Thus, we nd that the estimates for T-NB YM and strength are moderately dependent on the assumption used for the tunnel size. On the other hand, the calculated values for the YM-to-strength ratio and the estimates for plastic deformation/elastic regimes within the NB loading curves are not sensitive to the tunnel-size assumption that is employed in the analytical models. Hence, we have predominantly employed the YM-to-strength ratio and the elastic/plastic regime estimates to discuss the mechanics of these polytypic T-NBs in this work. Another aspect that emerges from the data presented in Fig. 3 is the weak dependence of these mechanical properties on the assumed orientation of the tunnels (i.e., m Â 3 or 3 Â m) with respect to the applied load. In addition, all of the T-NB devices chosen in this effort for mechanical property characterization have a larger width as compared to their height and this, insures that we are applying the mechanical load perpendicular to the tunnel width (i.e., the m axis). Fig. 4 shows the mechanical characterization of a T-NB that exhibited plastic recovery and did not experience fracture (i.e., different from the behavior demonstrated in Fig. 2 ). The NB force vs. deection plots from three successive loading experiments are shown in panel 'b' of this gure. In these experiments, which were performed at time intervals on the order of $3 to 5 minutes (due to the need to acquire an AFM scan and image the NB at the end of each trial), the NB exhibits elastic behavior prior to the onset of a load drop during the loading curve. Post-occurrence of this load drop, the NB undergoes further straining at increasing loads and does not exhibit signs of complete fracture. While plastic deformation has been associated with dislocation mediated plasticity in the case of GaAs-based ceramic single-crystals, 14 we hypothesize that the plastic deformation in these polytypic nanoceramics (with small grain sizes) occurs through a strain-induced, dynamic re-crystallization process. Specically, the AFM tip induces shear distortions within the top and bottom walls of the larger width m Â 3 tunnels. When these shear stresses exceed a characteristic threshold, Mn-O bonds break within edgesharing MnO 6 octahedral units on the horizontally oriented (i.e., top and bottom) tunnel walls. 29 This breakage of Mn-O bonds is attributed to the load drop observed in Fig. 4(b) .
Next, these broken bonds are replaced by new ones formed between the Mn and O atoms in vertically contiguous tunnel walls (thereby, interlinking them). This results in increased interlinking of the NB tunnels, which in turn results in smaller tunnel widths. This argument is supported by the computational results presented in ref. 29 , which describes the sheardistortion induced layer-to-tunnel transitions that occur during the hydrothermal synthesis of tunnel manganese dioxide polymorphs (such as a-MnO 2 , b-MnO 2 , and g-MnO 2 ) from a 2D, layered d-MnO 2 phase. Using a stochastic surface walking (SSW) sampling pathway method, this report calculated very low energetic barriers for the layer-to-tunnel transition (at 0.2 to 0.3 eV per MnO 2 formula unit) and identied energetically favored synthesis pathways for different tunnel-structured polymorphs.
In addition, this report also presented potential transformation schematics for the formation of todorokite-type, 3 Â 3 tunnels through this shear distortion-induced layer-to-tunnel inter-linking process. The transformation of larger width tunnels to progressively smaller ones through increased interlinking is also experimentally observed during the progression of the hydrothermal synthesis of these NBs, as previously shown in Fig. 1 . The association of the observed load-drop with straininduced dynamic recrystallization as opposed to grain boundary diffusion/sliding, is due to the specicity of this loaddrop as well as plastic recovery behavior to only larger width T-NBs (as will be discussed further using the results of Fig. 5 ). These larger width NBs contain a higher distribution of largerwidth tunnels and thereby, lend themselves to increased interlinking between vertically contiguous tunnel walls.
It is important to note that the todorokite NBs are polytypic and this inter-layer cross-linking/dynamic recrystallization mechanism is favored to occur only within grains that contain larger width tunnels. On the other hand, the remaining smallerwidth grains in the NB are expected to undergo elastic accommodation at ow stresses that progressively increase with reloading as seen in Fig. 4(b) . Thus, beyond the occurrence of the sharp load drop, the larger-width and smaller-width tunnel regions of the NB simultaneously experience plastic and elastic straining, respectively. During the unloading process, we hypothesize that the recovery of elastic strain in these smallerwidth tunnels releases internal stresses, which are opposite in direction to the applied loading stress and support the reversal of the inter-linking process in the larger-width NB tunnels. As a result, the plastic deformation is reversed when the external loading is removed. This reversal of plastic deformation upon unloading is conrmed with the data presented in Fig. 4(d and  e) . Fig. 4(d) shows the NB prole prior to the rst AFM test and its evolution aer each subsequent bending trial. Furthermore, the height of the NB top-surface at the mid-length of its suspended region is shown before AFM-based nanomechanical testing and aer each loading-unloading experiment in Fig. 4(e) . The height of the NB top-surface (peak position) with respect to the trench surface is extracted to be 296 nm, 298 nm, 297 nm, and 295 nm from the pre-AFM, post-rst test, postsecond test, and post-third test data, respectively. This nearinvariance in suspended height at the mid-length of a 955 nm long NB, aer multiple loading-unloading experiments in which it is subjected to a maximum deformation of up to 155 nm, conrms that the NB undergoes plastic recovery.
The mechanism hypothesized above for the reversibility of plastic deformation using energy stored in elastically strained regions of the nanomaterial is supported by the discussion in ref. 14 and 19 . The recovery of dislocation-mediated plastic deformation in bending experiments involving singlecrystalline GaAs NWs was previously attributed to a similar release of opposing internal stresses, which were associated with the recovery of simultaneously strained, elastic regions in the same NW.
14 Dislocation backow during unloading, which is aided by inhomogenous, high residual internal stresses, are also reported as the prime mechanism of plastic recovery in 50-to-65 nm grain-sized, polycrystalline Al and Au thin lms.
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While reversal in plastic deformation through the release of elastic stresses is hypothesized in our effort as well, it is unlikely that the much smaller grains observed in the current experiments can accommodate dislocation sources and hence, we attribute the plastic deformation in T-NBs to strain-induced inter-linking between larger-width tunnel walls. While arguments have been advanced here in support of the proposed hypothesis through the use of AFM force spectroscopy and surface topography data, real-time nanomechanics investigation using TEM techniques will provide complementary information on the evolution in tunnel microstructure and represents a future direction for this effort.
The magnitude of forces employed in the loading experiments of the NB in Fig. 4 [up to 483 nN] are smaller than those used for the NB in Fig. 2 [up to 1300 nN] predominantly due to differences in beam inertia (26 nm thick beam in Fig. 4 vs. a 42 nm thick beam in Fig. 2) . Specically, the moment of inertia varies by a factor of more than 3 between the two NB devices (121 187 nm 4 for the NB of Fig. 2 vs. 35 130 nm 4 for the device of Fig. 4 ). In addition, the negative force regime in the unloading curves of the NB in Fig. 4 arises from the tip-NB adhesion due to van der Waals' interactions and the associated extension of the AFM tip during the sample disengagement process. The possible variations in nanomechanical behavior (i.e., brittle vs. recoverable plasticity) emerge from the nature of polytypism in a given T-NB and from the loading (or, strain) rate that it is subjected to. This is evident in the data gathered from 11 different T-NB devices as a part of this effort. Fig. 5(a) plots the strength-to-YM ratio observed in these devices, and the dataset in this panel is grouped in terms of the different types of nanomechanical behavior observed during the three-point bending tests: (i) purely brittle fracture, (ii) hybrid performance, which involved plastic recovery aer a steep load drop (to near-zero load) in the rst loading cycle followed by brittle fracture in the second loading curve, (iii) near-brittle fracture with a very small plastic deformation component on the order of a few nm (of the type discussed in Fig. 2) , land (iv) recoverable plasticity. Here, the strength value refers to the yield strength for all samples, except for brittle NBs where it refers to the ultimate (i.e., fracture) strength.
The strength-to-YM ratio metric is directly related to the defect density within one-dimensional nanomaterials. [30] [31] [32] In the T-NB samples, crystal defects arise predominantly from stacking disorder induced polytypism. Thus, a lower strengthto-YM ratio (i.e., substantively below 10% (ref. [30] [31] [32] ) is indicative of a higher degree of polytypism in the material, which implies that the NB under consideration is in the comparatively earlier stages of its tunnel-to-layered structure transition in the hydrothermal synthesis process. As discussed in Fig. 1(b) , these NBs will have larger physical widths and will be comprised of the following tunnel features: (a) a higher distribution of largerwidth tunnels, (b) smaller grain sizes, and (c) non-uniformity in tunnel widths within individual columns due to a higher degree of stacking disorders.
As seen in Fig. 5(a) , the strength-to-YM ratio was observed to decrease in the following order: brittle and hybrid NBs > nearbrittle NBs > NBs exhibiting recoverable plasticity. Thus, we hypothesize that the NBs with lower strength-to-YM ratios (#4%) will have larger widths and a polytypic microstructure, which is closer to the representation in Fig. 1(b) and susceptible to undergo recoverable plasticity. This argument is supported by the results summarized in Fig. 5(b) , which illustrates the dependence of the observed nanomechanical behavior on the average loading (i.e., strain) rate and the NB width. In this plot, the average loading rate is dened as the maximum force prior to yielding (or fracture, as the case maybe) divided by the loading duration. Regime #2 of this plot shows that each of the three NWs that exhibited plastic recovery had a geometric width value that was in the higher end of the tested samples. Thus, these NBs contain larger width tunnels with a higher degree of stacking-disorder induced polytypism, which are susceptible to undergo dynamic re-crystallization mediated plasticity (through shear distortion-induced interlinking between neighboring tunnel layers).
It is important to note that not all of the NBs with larger widths exhibited plastic recovery. In fact, the larger width NBs are categorized into two regimes in Fig. 5(b) depending on the average rate at which the load (i.e., strain) is applied during the bending tests. When the average loading rate was below 4000 nN s À1 , the NBs underwent repetitive plastic recovery during multiple loading trials (as discussed above). On the other hand, when the average loading rate exceeded $5800 nN s À1 in these larger width NBs, three of the four devices within this regime (labeled #3 in Fig. 5(b) ) exhibited brittle or near-brittle fracture. The fourth NB within this regime experienced plastic recovery subsequent to a steep load drop during the rst loading curve and then, fractured during its elastic regime during the second loading curve. We conclude that at increased loading (or, strain) rates above a characteristic threshold, the NBs experience brittle fracture at high strength-to-YM ratios even though they contain a higher degree of stacking disorder-induced polytypism. This is because the shear distortion of the tunnel walls occurs at a rate that is too high to permit the re-formation of Mn-O bonds between the neighboring tunnel layers. Thus, the dynamic recrystallization process is suppressed within these devices and the broken Mn-O bonds within the horizontal tunnel walls initiate/propagate cracks towards catastrophic failure. On the other hand, the smaller width NBs (i.e., <50 nm widths) were observed to exhibit brittle or near-brittle fracture at higher strength-to-YM ratios as compared to that of plastic recovery samples (regime #1 in Fig. 5 ). As discussed previously in Fig. 1 , these smaller width NBs are in the later stages of their layer-to-tunnel transformation and will be comprised of the following tunnel features: (a) smaller individual tunnel sizes (i.e., m is less than $8), (b) larger grain sizes, and (c) constant tunnel widths along individual columns. This combination of smaller tunnel sizes and reduced stacking disorders suppresses the tendency to undergo re-crystallization mediated plasticity in these samples. Hence, they undergo either brittle or near-brittle fracture through crack initiation/propagation through the tunnel columns.
The results presented in this work have important implications for the technological applications of polytypic tunnel manganese oxides, especially in the area of battery cathodes. During the discharging process of a battery, lithium (or other inorganic) ions are intercalated into the cathodic crystals such as the T-NBs discussed here. The insertion of lithium into the host lattice results in mechanical strain, and at high lithium loading conditions causes mechanical degradation/fracture of the electrodes. Among the different degradation mechanisms that impact the performance life of a battery electrode, this mechanical disintegration and its subsequent dissolution into the electrolyte is a key failure mode that has attracted signi-cant attention in recent years. The identication of a new regime involving recoverable plasticity within these cathodic electrode candidates is particularly signicant since it presents new avenues to avoid mechanical degradation induced failure modes in these material systems.
Conclusions
In summary, we have characterized the mechanical performance of polytypic, todorokite-like nanobelts, which have been prepared through a hydrothermal synthesis process. The extent of progression in the tunnel-to-layer transformation process, which underlies this hydrothermal synthesis procedure, was observed to be non-uniform within different NBs sourced from a given powder sample and hence, resulted in a nonhomogenous distribution of polytypism within the synthesized T-NBs. As a result, the extent of tunnel size in-homogenity and its size distribution was larger within NBs that presented larger physical widths and were in the comparatively earlier stages of the layer-to-tunnel transformation process. AFM-based three point bending tests of these T-NBs revealed that devices with a higher in-homogenity in tunnel sizes exhibited recoverable plasticity when subjected to loading rates below a characteristic threshold. Other T-NB samples, which were either subjected to high loading rates or were in the comparatively later stages of this layer-to-tunnel transformation pathway, exhibited brittle fracture. These results provide new insights and pathways for engineering mechanical stability in tunnel manganese oxide materials when used as electrode materials in electrochemical energy storage systems.
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